We have demonstrated threshold-voltage control of p-and n-channel organic transistors with a floating-gate structure and self-assembled monolayer-based gate dielectrics and applied this technique to tune the switching voltage of organic complementary inverters. The threshold voltages of the p-and n-channel transistors are changed independently and systematically across a wide range from +2.4 to -1 V and from -0.3 to +1.5 V, respectively, when the program voltages of -6 V and +6 V are applied to the p-and n-channel transistors, respectively. Furthermore, we fabricated tunable organic complementary inverters, and ring oscillators whose oscillations are controlled by varying floating-gate charges.
Organic thin-film transistors ͑TFTs͒ have recently attracted considerable attention for realizing large-area flexible electronics, such as robotic sensory arrays, 1 e-papers, 2,3 and radio-frequency identification tags. 4, 5 In order to reduce the power consumption of organic electronics systems, it is important to realize p-and n-channel organic TFTs and complementary circuits 6 with low operating voltages, 7 and to be able to control the threshold voltages of the TFTs in a systematic manner. There are several approaches to control the threshold voltage of organic TFTs, such as surface modification of the gate dielectric with a self-assembled monolayer ͑SAM͒ having electron-donating or electron-withdrawing substituents [8] [9] [10] and surface modification of the contact metals. 11 In these approaches, the threshold voltage of the transistors can be set to a specific value during manufacturing. On the other hand, it is often desirable to control the threshold voltage after manufacturing, since the threshold voltage of organic transistors is known to change inadvertently during operation due the dc bias-stress effect and air exposure. 12 Previously, the double-gate structure 13, 14 has been used to control the threshold voltage of organic TFTs after manufacturing. However, this structure was impossible in low operational TFTs because the operational voltage was very large.
In this letter, we demonstrate the threshold-voltage control of low-voltage organic TFTs with a floating-gate structure after manufacturing, which allows us to control the behavior of low-voltage organic complementary inverters and ring oscillators during operation. Control of the threshold voltage is achieved by charging the floating gates of the TFTs by applying a program voltage to the control gate.
A floating-gate transistor is a field-effect transistor with two gate electrodes; in addition to the control gate, it has a floating gate embedded in the gate dielectric. When the dielectric is sufficiently thin, electronic charge can be brought onto the floating gate by quantum tunneling or thermal emission, simply by applying a sufficiently large program voltage between the control gate and the source contact. Charging the floating gate changes the transistor's threshold voltage ͑V th ͒, because the charge on the floating gate partially screens the electric field between control gate and semiconductor. This V th shift can be detected by measuring the drain current at a certain gate source voltage. Because the floating gate is completely isolated, charge stored on the floating gate remains there without the need for any applied voltage.
In the fabrication process, a 25-nm-thick aluminum ͑Al͒ layer was thermally evaporated as the control gate onto a silicon substrate using a shadow mask. As the bottom dielectric, a 4-nm-thick aluminum oxide ͑AlO x ͒ layer was formed by oxygen-plasma treatment ͑300 W for 30 min at 8.45 ϫ 10 −3 Pa m 3 / s oxygen͒ and covered with a 2-nm-thick SAM by immersion into a 2-propanol solution containing 5-mM of n-octadecylphosphonic acid for 16 h at room temperature. 7, 14 Subsequently, the floating gate ͑Al͒ and the top dielectric ͑4-nm-thick AlO x + 2-nm-thick SAM͒ were created in a similar manner, as described in Ref. 15 . Purified pentacene and F 16 CuPc ͑Ref. 16͒ were deposited in vacuum through shadow masks onto the top dielectric to form the 50-nm-thick organic semiconductor layers for the p-and n-channel TFTs, respectively. Finally, a 50-nm-thick Au layer was evaporated through a shadow mask to form the source and drain contacts ͑Fig.1͑b͒͒.
Figures 2͑a͒-2͑d͒ show the current-voltage characteristics of pentacene and F 16 CuPc floating-gate transistors. Each transfer characteristic was measured after a program voltage had been applied to the control gate; note that this program voltage was not present during the measurement.
In Fig. 3 , the threshold voltages of the p-and n-channel TFTs are plotted as a function of the program voltage that had been applied to the control gate before the measurement. n-channel TFTs, the threshold voltages were controlled systematically over a wide range, from +2.4 to -1 V for the p-channel TFTs and from -0.3 to +1.5 V for the n-channel TFTs. Figure 4͑a͒ shows the transfer characteristics of a complementary inverter for supply voltages of 1.5, 2.0, 2.5, and 3.0 V. These characteristics were measured before any program voltages that exceed the inverter-input voltage had been applied. The inverter is composed of a pentacene TFT with a channel width of 1000 m and a F 16 CuPc TFT with a channel width of 3000 m; both TFTs have a channel length of 50 m. The inverter exhibits a small-signal gain larger than 10 at a supply voltage of 1.5 V. Figure 4͑b͒ shows the transfer characteristics of the same inverter at a supply voltage of 1.5 V measured after a program voltage had been applied to the input node ͑i.e., to the control gates of the TFTs͒. As can be seen, the application of a positive ͑negative͒ program voltage causes the threshold voltages of the p-and n-channel TFTs and hence the switching voltage of the inverter to shift systematically toward more positive ͑negative͒ voltages. In this way, the switching voltage of the inverter can be shifted across the entire range of input voltages ͑from 0 to 1.5 V͒ in a deterministic manner. The small-signal gain is almost constant for program volt- ages between Ϫ4 and +4 V. In the extreme cases, i.e., for program voltages of Ϫ6 and +6 V, the switching voltage is moved outside of the input voltage range, so that the output voltage of the inverter is almost constant at 0 V and 1.5 V, respectively. We have also fabricated five-stage complementary ring oscillators ͓Fig. 5͑a͔͒. Figure 5͑b͒ shows the oscillation of the fabricated ring oscillator; the oscillation frequency is 17.9 Hz at a supply voltage V DD of 3 V. Even at a supply voltage as low as 1 V the ring oscillator is still functional, with a frequency of 0.38 Hz. Figure 5͑c͒ shows the signal propagation delay as a function of V DD . Figure 5͑d͒ shows the output signal of the ring oscillator at a supply voltage of 1.5 V measured after we had applied a program voltage to the control gates of all TFTs in the ring oscillator. The oscillator frequency is 2.3 Hz for a program voltage of 0 V. On the other hand, when program voltages of +6 V and Ϫ6 V are applied, the ring oscillator no longer oscillates, but exhibits constant output voltages of 1.1 V and 0 V, respectively. In this manner, the oscillation frequency is systematically controlled by the program voltage.
In conventional silicone-based floating gate transistors, carrier charging and discharging into floating-gate have been understood as tunneling in which high-energy carriers ͑hot-carriers͒ pass through gate dielectric layers, when very high voltages as program voltages are applied to gate and source electrodes. However, carrier densities in organic semiconductors are two or three orders of magnitude smaller than that in silicon semiconductors 17 so that hot-carriers could not be generated in organic semiconductors. On the other hand, we have clearly demonstrated in our previous report a floating-gate embedded in SAM gate dielectric layers are charged and discharged by nonlinear tunneling currents that was observed when very high voltages ͑program voltages͒ are applied. Moreover, our previous work used only p-type organic semiconductors, pentacene, and their charging and discharging into floating-gate rely entirely on hole-tunneling from channel layers. 15 In this work, we clearly demonstrate that tunneling passing through SAM layers is observed not only in p-type, but also in n-type organic semiconductors.
The relationship between the program voltage and the threshold voltage documented in Figs. 2͑a͒ and 2͑b͒ provides some insight into the mechanism by which the threshold voltages responds to the program pulse. Applying a negative program voltage to the control gate ͓as in Fig. 2͑a͒ for the p-channel TFT͔ creates a potential gradient across the transistor that reduces the amount of negative charge on the floating gate and thereby makes the threshold voltage more negative. This is consistent with the results of our previous report. 15 In contrast, when a positive program voltage is applied ͓as in Fig. 2͑b͒ for the n-channel TFT͔, the amount of negative charge on the floating gate increases, shifting the threshold voltage toward more positive values.
By systematically controlling the threshold voltage of the transistors, the noise margin of the integrated circuits can be increased significantly. 10, 18 In addition to improving the noise immunity of the circuits this also makes them more useful in applications in which the circuits are utilized to re-shape the waveforms of digital signals that have become degraded during signal processing. 
